Background: Pazopanib, an oral angiogenesis inhibitor targeting vascular endothelial growth factor receptor (VEGFR)/plateletderived growth factor receptor (PDGFR)/c-Kit, is approved in locally advanced/metastatic renal cell carcinoma (RCC).
pazopanib experienced an overall response rate of 35% and median progression-free survival (PFS) of 12 months (Hutson et al, 2010) . In the Phase III study, pazopanib significantly improved PFS compared with placebo in the overall study population (9.2 vs 4.2 months; hazard ratio 0.46; 95% CI, 0.34-0.62; Po0.0001; Sternberg et al, 2010) .
A number of factors affect the efficacy of a drug or treatment regimen in patients with cancer; these include patient and tumour characteristics, tumour biology, and systemic exposure to the drug. Among these, parameters of drug exposure are most amenable to regular monitoring, and may potentially provide insight towards dose optimisation. Emerging evidence corroborates the association of clinical and biologic effects of small-molecule tyrosine kinase inhibitors with the level of systemic exposure. For example, tumour response rates, time to progression, and overall survival were significantly better in patients with RCC who achieved a target threshold exposure to sunitinib plus its primary active metabolites (Houk et al, 2010) . Similarly, clinical benefit is reduced when plasma concentrations of imatinib decrease to below B1000 ng ml À 1 in patients with gastrointestinal stromal tumours or patients with chronic myeloid leukaemia (Eechoute et al, 2011) .
In addition to the correlation with efficacy, systemic exposure of a drug may also correlate with biomarkers indicative of target inhibition. Administration of sunitinib results in changes in levels of circulating proteins associated with angiogenesis, including soluble VEGFR2 (sVEGFR2; Faivre et al, 2006; Motzer et al, 2006; Deprimo et al, 2007) . The decrease in sVEGFR2 observed after administration of sunitinib in patients with RCC demonstrated a weak relationship with the steadystate trough plasma sunitinib concentrations (Deprimo et al, 2007) . VEGFR2 is the predominant receptor that mediates production of nitric oxide and prostacyclin by endothelial cells, leading to vasodilation. Administration of VEGF in animals and humans causes vasodilation and decreases in blood pressure. In contrast, inhibition of VEGFR signalling increases blood pressure (Li et al, 2002; Janvier et al, 2005; Roodhart et al, 2008) . Hypertension has been noted as a possible pharmacodynamic marker of anti-VEGF therapy, although its prognostic and predictive roles in the treatment of cancer are controversial (Scartozzi et al, 2009; Hurwitz et al, 2010; Rini, 2010) . Thus, biomarkers of target inhibition such as sVEGFR2 and blood pressure may confirm inhibition of the targeted receptor and provide insight into the optimal dose of a therapeutic agent.
Preclinical studies have demonstrated that the inhibitory activity of pazopanib towards VEGFR2 phosphorylation, angiogenesis, and tumour growth is concentration dependent (Kumar et al, 2007; Harris et al, 2008) . In these models, the in vivo activity of pazopanib required steady-state concentrations of at least 40 mM (17.5 mg ml À 1 ) during the entire dosing interval rather than transient maximal concentrations (Kumar et al, 2007) . These results suggest that constant target inhibition during treatment is required to maximise the therapeutic effect of pazopanib in preclinical models of in vivo activity.
Accordingly, the present analyses were conducted to determine the pharmacokinetic and pharmacodynamic relationship between pazopanib and markers of clinical efficacy and safety. Markers of target engagement, blood pressure and sVEGFR2, and end points of safety and efficacy were examined to investigate the range of plasma pazopanib concentrations that could optimise benefit to patients with RCC.
MATERIALS AND METHODS
The initial analysis of the relationship between plasma pazopanib concentrations and increased blood pressure was conducted with data from patients with advanced solid tumours enroled in a firstin-human Phase I study (Hurwitz et al, 2009) . That dose-escalation study provided individual hypertension data over a wide range of pazopanib concentrations; patients received pazopanib doses of 50 and 100 mg three times weekly, 50-2000 mg once daily, and 300 and 400 mg twice daily. Blood pressure and pharmacokinetic data were available for 54 of the 63 enroled patients.
Serial blood samples (4 ml) were collected for determination of plasma pazopanib concentrations on days 1 and 22 in the Phase I study as described previously (Hurwitz et al, 2009) . Plasma pazopanib area under the curve (AUC), maximum concentration (C max ), and trough concentrations (Ct) observed on study day 22 were included to investigate the pharmacokinetic and pharmacodynamic relationships between systemic exposure and increased blood pressure. Ct was defined as the plasma pazopanib concentration at 24 h after the first dose on day 22 in the oncedaily and twice-daily cohorts and as the predose concentration on day 22 in the three-times-weekly cohorts. AUC from 0 to 24 h after dosing was measured in the three-times-weekly and once-daily cohorts. AUC from 0 to 12 h after dosing was measured in the twice-daily dosing cohorts.
Blood pressure was measured in the Phase I study during clinic visits at baseline, on study days 8, 15, and 22, and every 3 weeks thereafter until the patient was withdrawn from the study. Patients also recorded blood pressure with a digital monitor at least twice daily at home between clinic visits, and all blood pressure data were included in the analysis. A significant increase in blood pressure was defined as a 15 mm Hg or greater increase from baseline in the mean arterial blood pressure (MAP; calculated as (2 Â diastolic pressure þ systolic pressure)/3) on at least three separate occasions, initiation or escalation of antihypertensive medications, or both. The occurrence of a significant increase in blood pressure in a patient was described as a binomial response (yes or no). Only elevations in MAP or escalation of antihypertensive regimens that occurred while the patients remained on their initial starting dose of pazopanib were included in this analysis.
Patients were grouped according to the quintiles of each pharmacokinetic parameter (AUC, C max , Ct). Quintiles of pharmacokinetic parameters were chosen to examine trends that may be obscured by the variability in the data. The proportion of patients who experienced a significant increase in blood pressure was determined within each quintile. A simple linear model was fit to the proportion of patients with increased blood pressure vs the midpoint of the parameter quintile to investigate the correlation between each pharmacokinetic parameter and an increase in blood pressure. The correlation between AUC and Ct was also investigated.
Pharmacokinetics/pharmacodynamics in patients with RCC. The analysis of the relationship between plasma pazopanib concentrations and sVEGFR2, clinical efficacy, and safety in patients with RCC used data from 225 patients with locally advanced or metastatic RCC treated with pazopanib monotherapy in a single-arm Phase II trial (Hutson et al, 2010) . The primary efficacy end point was overall response rate, and PFS was a secondary end point. Response was assessed by RECIST version 1.0 (Therasse et al, 2000) at week 12 and every 8 weeks thereafter. Serial blood samples (2 ml) were collected at week 4 at the following times: predose (within 60 min before study drug administration; Ct) and 1-2 h, 3-4 h, and 6-8 h post dose.
sVEGFR2. Plasma concentrations of sVEGFR2 were measured by enzyme-linked immunosorbent assay before initiation of treatment with pazopanib (baseline) and at 4, 8, and 12 weeks of pazopanib treatment. The post-baseline nadir (lowest concentration measured during the first 12 weeks) in plasma sVEGFR2 was identified for each patient, and the percent change from baseline in the sVEGFR2 concentration (%DsVEGFR2) was calculated as: %DsVEGFR2 ¼ (baseline À nadir)/baseline Â 100.
Linear and nonlinear (E max ) models were used to describe the relationship between %DsVEGFR2 and plasma pazopanib concentrations:
where Ct is the predose plasma pazopanib concentration at the week 4 visit, SL is the slope of the linear relationship between Ct and the decrease in sVEGFR2, INT is the intercept for the relationship, E max is the maximum percent decrease from baseline for the sVEGFR2 nadir, and EC 50 is the Ct at which the percent change from baseline for the sVEGFR2 nadir is 50% of the maximum decrease. Models were fit to the data with R version 2.14.0 using the linear models or nonlinear least squares' packages. Model fits were compared by the Akaike information criteria.
Safety. Adverse events (AEs) from the Phase II study that occurred during the first 12 weeks of pazopanib treatment were used to explore concentration-effect relationships to allow sufficient time for the AEs to emerge and to minimise the confounding effects of factors that tend to increase over time on study, such as dose modifications, addition of concomitant medications, and disease progression. AEs were graded according to National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE) version 3.0. The incidence of all AEs was summarised according to the week 4 pazopanib Ct quartiles to allow for a sufficient number of events within each group to reveal concentration-related trends in the frequency. Statistical analyses of clinical efficacy data were conducted using SAS version 9.2 (SAS Institute, Inc., Cary, NC, USA).
Efficacy. Disease assessments were performed at week 12 of pazopanib treatment and every 8 weeks thereafter. The response rate was defined as the percentage of patients who achieved either a confirmed complete or partial response. A best response of stable disease required stable disease for at least 12 weeks after the first dose of pazopanib. Progression-free survival was defined as the interval between the first day of treatment and the earliest date of disease progression or death due to any cause, whichever occurred first.
The Phase II study originally was designed using randomized discontinuation design. All patients initially received pazopanib 800 mg once daily for 12 weeks. After the week 12 disease assessment, patients with stable disease were randomized to receive pazopanib or placebo. After a planned interim analysis of safety and efficacy data, the design was amended to an open-label treatment where all patients received pazopanib 800 mg once daily based on the recommendations of an independent data monitoring committee. Patients who were randomized to receive placebo (n ¼ 28) were excluded from the pharmacokinetic/pharmacodynamic analysis; therefore, a total of 177 patients were included in the analysis of efficacy end points. Statistical analyses of clinical efficacy data were conducted with R version 2.14.0.
A PFS result was available for all patients included in the analysis, and sufficient data were available to group the results by pazopanib Ct at week 4. After identifying the deciles of pazopanib Ct at week 4, patients were split into two groups at each decile: those with a Ct concentration less than or equal to the decile boundary and those with a Ct concentration greater than the decile boundary. In the first analysis, the groups defined by the Ct deciles were used to determine a threshold value for Ct such that patients with Ct below this threshold had statistically significant worse PFS compared with patients with Ct above the threshold. In all, nine different values of Ct were examined. At each Ct decile tested, the PFS of patients in the two groups were compared using a log-rank test. The results were displayed graphically by plotting the log-rank P-value on the y axis vs each Ct decile border on the x axis. The Ct that produced the lowest P-value for the comparison of PFS between groups was considered to be a threshold value for further analysis. Responses (complete response, partial response, stable disease, progressive disease, and not evaluable or unknown response) in the two groups defined by the Ct threshold were tested for independence using Fisher's exact test.
A similar analysis was conducted to identify a threshold value for Ct such that mean tumour reduction in patients with Ct below the threshold was significantly less than mean tumour shrinkage in patients with Ct above the threshold. The maximum tumour shrinkage based on the sum of the longest diameters of target lesions after the start of treatment was identified for each patient. The mean maximum post-baseline tumour shrinkage in patients with Ct above and below the deciles tested was compared using a t-test. No corrections for multiple testing were done in any analysis. All P-values reported are two sided with a significance level of 0.05.
Once the Ct that yielded the most significant difference in PFS was identified, a Kaplan-Meier plot of the PFS for patients with Ct above and below the threshold was generated. An empirical cumulative distribution function of the maximum tumour shrinkage relative to baseline for patients with Ct values above and below the selected threshold value was constructed. For each group, these maximum tumour shrinkage values were ordered from largest to smallest tumour shrinkage post baseline, then plotted with the percentage of tumour shrinkage on the x axis and the percentage of patients with at least that amount of tumour shrinkage on the y axis.
Analyses were conducted to determine whether additional clinical benefit was observed at pazopanib Ct values greater than the week 4 Ct decile threshold that resulted in the most significant difference in PFS and mean maximum post-dose tumour shrinkage. Data from patients with week 4 Ct values below the threshold selected based on differences in PFS or mean maximum tumour reduction were removed. The analyses of PFS and tumour reduction described above were repeated at each remaining Ct decile boundary.
RESULTS
Blood pressure in patients with solid tumours. Plots of the occurrences of a significant increase in blood pressure vs AUC, C max , and Ct are displayed in Figure 1A -C, respectively, for patients with solid tumours enroled in the Phase I study. The relationship between the occurrence of a significant increase in blood pressure and Ct yielded the largest r 2 value (0.91) and the lowest P-value (0.0075) of the pharmacokinetic parameters. A significant relationship between AUC and Ct was observed (r 2 ¼ 0.63, Po0.001; Figure 1D ).
Pharmacokinetics/pharmacodynamics in patients with advanced/ metastatic RCC. Predose plasma pazopanib concentrations at 4 weeks and AE data were available for 205 of the 225 patients (91%) in the Phase II study. Longitudinal tumour size measurements sufficient to assess tumour shrinkage, and response rates were available from 197 patients (88%). Plasma concentrations of sVEGFR2 and PFS data were available from 178 and 177 patients (79%), respectively.
Efficacy. A summary of the PFS comparison at each week 4 pazopanib Ct decile is presented in Table 1 (see also Supplementary Figure S1 ). The week 4 plasma pazopanib Ct that yielded the most significant separation in median PFS was 17.4 mg ml À 1 . However, the greatest week 4 Ct that yielded a significant separation in the median PFS was 20.5 mg ml À 1 . The week 4 Ct boundaries of the 40th percentile (25.1 mg ml À 1 ) and greater did not result in a significant separation of the median PFS.
In the comparison of the median PFS of patients grouped by week 4 Ct values, excluding patients with Ct p20.5 mg ml À 1 resulted in no statistically significant difference in median PFS at any Ct boundary.
The comparisons of mean maximum tumour reduction in patients with Ct above and below each decile concentration at week 4 are presented in Table 2 . The greatest difference in the mean maximum tumour reduction was observed at the week 4 plasma pazopanib Ct of 20.5 mg ml À 1 . Unlike PFS results, the difference in mean maximum tumour reduction was statistically significant for all Ct decile boundaries, except the 80th and 90th percentiles (38.5 and 47.6 mg ml À 1 , respectively). This was the result of including patients with Ct p20.5 mg ml À 1 because there were no statistically significant differences in the maximum tumour reduction between patients grouped by Ct decile values after exclusion of patients with week 4 Ct p20.5 mg ml À 1 (Table 2 ). The week 4 Ct of 20.5 mg ml À 1 was the greatest value that significantly discriminated median PFS and mean maximum tumour reduction. Therefore, the week 4 Ct of 20.5 mg ml À 1 was used as the threshold for further analyses. The Kaplan-Meier curves of PFS and the empirical distribution function of the change in tumour size for patients with a week 4 Ct p20.5 mg ml À 1 and Ct above 20.5 mg ml À 1 are displayed in Figure 2 . The median PFS for patients with a week 4 Ct p20.5 mg ml À 1 was 19.6 weeks. In contrast, the median PFS for patients with a week 4 Ct above 20.5 mg ml À 1 was 52.0 weeks. Median observed tumour shrinkage in patients with a week 4 Ct above 20.5 mg ml À 1 (37.9%) was more than five-fold greater than the median observed tumour shrinkage in patients with a week 4 Ct p20.5 mg ml À 1 (6.9%). The percentage of patients who experienced stable disease as their best response was 40% for those with a week 4 Ct p20.5 mg ml À 1 and those with a week 4 Ct above 20.5 mg ml À 1 . However, the percentage of patients with a week 4 Ct above 20.5 mg ml À 1 who had a best response of partial or complete response was more than double that of patients with a week 4 Ct p20.5 mg ml À 1 (45 and 19%, respectively). Likewise, the percentage of patients with progressive disease was more than double when week 4 Ct was p20.5 mg ml À 1 (38%) compared with patients with a week 4 Ct above 20.5 mg ml À 1 (11%).
sVEGFR2. Plasma sVEGFR2 concentrations decreased at least 10% from the baseline value to the nadir in 167 of 178 patients (94%) from whom data were available. The fit of the linear and E max models to the percent change from baseline in sVEGFR2 nadir vs plasma pazopanib concentration is displayed in Supplementary Figure S2 . The correlation between plasma pazopanib concentrations and the maximum decrease in sVEGFR2 was weak using the linear model (r 2 ¼ 0.27). However, the linear model produced a slightly lower Akaike information criterion relative to the fit of the E max model to the data (1415 vs 1417) suggesting a slightly better fit of the data.
Adverse events. A summary of the most common (total incidence X5%) treatment-emergent AEs by plasma pazopanib concentration quartile is presented in Table 3 . The incidence of increased MAP, diarrhoea, hair colour change, alanine aminotransferase increase, stomatitis, and hand-foot syndrome increased as the plasma pazopanib concentrations increased, with the highest incidence occurring in the fourth Ct quartile. The highest incidence of CTCAE grade 3/4 hypertension occurred in the third and fourth quartiles of Ct. The increases in the incidences of hand-foot syndrome and MAP in the fourth quartile of Ct were the most marked. In contrast, the incidence of nausea, fatigue, vomiting, dysgeusia, and rash displayed no obvious relationship with pazopanib Ct.
Pharmacokinetics. The mean and median Ct values on week 4 in the Phase II study were 28.8 and 28.1 mg ml À 1 , respectively (Figure 3) . Dose reductions were allowed in this study. In all, 184 of the 205 patients with week 4 Ct data received pazopanib 800 mg once daily for at least 2 weeks; the mean week 4 Ct value in those patients was 29.3 mg ml À 1 . For patients who experienced dose reductions or dose interruptions within 2 weeks of collection of the week 4 plasma sample, the mean week 4 Ct value was 24.8 mg ml À 1 .
DISCUSSION
Results of the current analysis identified a threshold for pazopanib Ct, which must be achieved for optimal efficacy in patients with for patients with week 4 predose steady-state plasma pazopanib concentration (Ct) p20.5 mg ml À 1 (black) and 420.5 mg ml À 1 (red). RCC. This target pazopanib Ct is similar to the threshold steadystate concentration of at least 40 mM (17.5 mg ml À 1 ) that was required for the inhibition of VEGF-induced VEGFR2 phosphorylation in mouse lungs. Ct measured immediately before pazopanib administration is assumed to be the lowest plasma concentration over the dosing interval. Therefore, these results suggest that maintenance of plasma pazopanib concentrations above 20.5 mg ml À 1 for the entire dosing interval was associated with the most significant increases in PFS and tumour shrinkage. This hypothesis is supported by the observation that pazopanib Ct was better than C max as a predictor of the occurrence of an increase in blood pressure in patients with solid tumours. Furthermore, Mancuso et al (2006) observed rapid vascular regrowth in a tumour cell line on interruption of VEGF inhibition, and Cacheux et al (2008) observed rapid regrowth of tumours in patients with metastatic colorectal cancer after interruption of bevacizumab therapy. In a study reported by Burstein (Burstein et al, 2008) , levels of biomarkers of VEGFR inhibition (VEGF, sVEGFR2, sVEGFR3) were cyclical and coincident with the schedule of sunitinib used in the study (4 weeks on, 2 weeks off). Moreover, tumour growth of superficial cutaneous or nodal lesions was observed in several patients during the 2-week period when no sunitinib was administered. Together, these results suggest that maintaining persistent suppression of the targeted signalling pathway may lead to better efficacy of these agents.
However, administration of sunitinib at the standard intermittent regimen of 50 mg daily for 4 weeks followed by 2 weeks without treatment produced a numerically greater median PFS vs 37.5 mg daily administered on a continuous basis (8.5 vs 7.0 months; hazard ratio 0.77; P ¼ 0.070) in a randomized study in patients with advanced RCC (Motzer et al, 2012) . The incidence and severity of AEs were similar between the continuous and intermittent regimens. These results suggest that the level of suppression of the target receptor achieved by administration of lower daily doses of sunitinib did not provide an advantage in clinical outcomes vs intermittent administration of higher doses. Although alternative dosing regimens of pazopanib were not investigated in the present study, results suggest that the clinical benefit of pazopanib in RCC could be improved by increasing the proportion of patients with trough plasma pazopanib concentrations above a target threshold.
A concentration-dependent increase in the incidence of several AEs was also observed during the Phase II trial (Table 3 ; Supplementary Figure S3) . Some toxicities such as hypertension and alanine aminotransferase elevations appeared to reach a plateau at higher concentrations. In contrast to hypertension, alanine aminotransferase elevations, and the results for measures of clinical efficacy, the incidence of diarrhoea, hand-foot syndrome, hair colour change, and stomatitis continued to increase as the trough plasma pazopanib concentration increased. There was no evidence of additional increases in PFS or tumour shrinkage if trough plasma pazopanib concentrations were maintained above threshold values 420.5 mg ml À 1 . In addition to suggesting that escalation to a maximally tolerated dose of targeted agents such as pazopanib may not be necessary, these results reinforce the previous inference that increasing the dose of a targeted agent to a maximally tolerated level may only serve to affect the risk-tobenefit ratio negatively. Dose reductions to 400 mg pazopanib occurred in B30% of patients with RCC in the Phase II study. The most common AEs that led to dose interruptions or dose reductions were diarrhoea, hypertension, and increased ALT/AST (Hutson et al, 2010) . All of those AEs demonstrated a concentration-dependent increase in frequency in the current analysis. Results suggest that the frequency of these common AEs could be reduced by decreasing systemic exposure to pazopanib through dose reductions or interruptions while maintaining plasma pazopanib concentrations above the threshold for optimal clinical effect in many patients.
The pazopanib dose of 800 mg once daily was selected for Phase II and Phase III clinical trials based on target trough plasma concentrations that were associated with clinical and biologic effects in preclinical models and in patients with solid tumours (Kumar et al, 2007; Hurwitz et al, 2009 ). However, inter-patient heterogeneity in the metabolism and/or absorption of pazopanib can lead to differences in systemic exposure. Pazopanib is a Biopharmaceutics Classification System Class II drug, with high permeability and low solubility. The majority of an oral pazopanib dose is eliminated in the faeces, primarily as an unabsorbed drug, which is consistent with solubility-limited oral absorption. Pazopanib is a substrate of human p-glycoprotein (Pgp) and breast cancer resistance protein (BCRP; Deng et al, 2013) . Differences in the expression of Pgp and BCRP may contribute to the intra-patient variability in systemic exposure to pazopanib after oral administration. Administration of esomeprazole in the evening and pazopanib in the morning resulted in 42 and 40% decreases in C max and AUC, respectively (Tan et al, 2013) . Administration of pazopanib with food increased C max and AUC by approximately two-fold (Heath et al, 2010) . Use of medications that alter gastric pH or administration in a partially fasted state also may contribute to the inter-and intra-patient variability of pazopanib pharmacokinetics.
In light of that variability and the relationship between systemic exposure and clinical benefit and toxicities, dose adjustments based on trough plasma concentrations may provide a method to optimise therapy with pazopanib by maintaining therapeutically effective blood levels, while minimising AEs whenever possible. Dose adjustment concurrent with therapeutic drug monitoring is widely used for compounds with a narrow therapeutic index, such as digoxin, antiepileptic agents, aminoglycosides, and immunosuppressants; this approach also has been recommended in certain situations for antiretroviral medications, where consistent target suppression is necessary (Pretorius et al, 2011) . Use of a trough concentration may provide a convenient method of monitoring systemic exposure to pazopanib in a clinical setting, thereby allowing optimisation of the dosing regimen to gain maximum efficacy. Algorithms for therapeutic drug monitoring of tyrosine kinase inhibitors have been proposed (Haouala et al, 2009; Wang et al, 2009; Klumpen et al, 2011) . Results from the present analysis indicate that plasma pazopanib concentrations obtained early (week 4) in the treatment period were predictors of effects consistent with VEGFR inhibition (increased blood pressure and decreases in sVEGFR2), clinical benefit, and the incidence of AEs. Recent improvements in bioanalytical detection have allowed the analysis of drug concentrations from small volumes (o20 ml) of dried blood, making therapeutic monitoring of pazopanib concentrations in blood more feasible (Emmons and Rowland, 2010) .
Further clinical studies are necessary to confirm the target threshold for pazopanib Ct and assess the effects of pharmacokinetics-guided dosing vs standard pazopanib treatment. Strategies to optimise systemic exposure of pazopanib, such as dose escalation above 800 mg once daily or administration of pazopanib with food in patients with concentrations below the target threshold, must be investigated in a prospective fashion in order for pharmacokinetics-guided dosing to be feasible. Finally, the safety and efficacy of pharmacokinetics-guided dosing relative to the standard dosing regimen for pazopanib should be determined in a randomized clinical trial.
